Candida utilis NCYC 321 was grown in steady-state culture in a chemostat under glucose limitation or NH4+ limitation at temperatures of 30, 25, 20, and 15 C and at dilution rates (equal to growth rates) in the range of 0.35 to 0.05 hr'1. Deoxyribonucleic acid contents of cells grown under the various conditions remained approximately constant, but the contents of several other cell components varied. Over the range of 30 to 15 C, the greatest differences were in the ribonucleic acid (RNA) and protein contents of cells grown under NH4+ limitation, which increased as the temperature was decreased. The contents of other components, particularly adenosine triphosphate in cells grown under glucose limitation, varied more when the cells were grown at different rates at a fixed temperature. Cells grown at a fixed rate under NH4+ limitation increased in volume as the temperature was decreased below 30 C. The increase in volume was closely correlated with increases in the proportions of RNA and protein in the dry weight of cells. Cells grown under glucose limitation showed much smaller increases in volume; these increases were poorly correlated with the increased RNA content and hardly at all with the increased protein content. Increases in volume with a decrease in growth temperature from 30 to 20 C were also demonstrated in cells grown under phosphate limitation and to a much smaller extent in cells grown under glycerol limitation. The increased RNA synthesized at low temperatures by cells grown under NH4+ limitation was found almost exclusively in the 40,000 x g supernatant fluid, but only about 40% of it sedimented at 100,000 x g. Cells grown at a fixed rate under NH4+ limitation synthesized less total carbohydrate when the temperature was decreased from 30 to 15 C. This decrease was mainly in the trichloroacetic acid-soluble fraction (probably trehalose) and in the intracellular hot alkali-soluble glucan (probably glycogen). Cells grown at a fixed rate under glucose limitation showed a small increase in carbohydrate content as the temperature was decreased from 30 to 15 C. When a microorganism is grown in batch culture at temperatures below the optimum for growth, the composition of the cells differs to some extent from that of cells grown at or around the optimal temperature. Most of the available data on these differences were reviewed by Farrell and Rose (9, 10). The effects of a decrease in growth temperature probably vary with each microorganism. However, all organisms thus far examined, when grown at a temperature below the optimum for growth, contain an increased proportion of unsaturated compared with saturated fatty acids. A decrease in growth temperature also causes an increased synthesis of polysaccharides by certain leuconostocs and pediococci (26) and by Aerobacter aerogenes 1 Present address: School of Biological Sciences, Bath University, Claverton Down, Bath, England. (36); in addition, pigment production by microorganisms is often favored at temperatures below the optimum for growth (e.g., 38, 40 MATERIALS AND METHODS Organism. The strain of C. utilis NCYC 321 used in this study was maintained as described previously (29).
as the temperature was decreased. The contents of other components, particularly adenosine triphosphate in cells grown under glucose limitation, varied more when the cells were grown at different rates at a fixed temperature. Cells grown at a fixed rate under NH4+ limitation increased in volume as the temperature was decreased below 30 C. The increase in volume was closely correlated with increases in the proportions of RNA and protein in the dry weight of cells. Cells grown under glucose limitation showed much smaller increases in volume; these increases were poorly correlated with the increased RNA content and hardly at all with the increased protein content. Increases in volume with a decrease in growth temperature from 30 to 20 C were also demonstrated in cells grown under phosphate limitation and to a much smaller extent in cells grown under glycerol limitation. The increased RNA synthesized at low temperatures by cells grown under NH4+ limitation was found almost exclusively in the 40,000 x g supernatant fluid, but only about 40% of it sedimented at 100,000 x g. Cells grown at a fixed rate under NH4+ limitation synthesized less total carbohydrate when the temperature was decreased from 30 to 15 C. This decrease was mainly in the trichloroacetic acid-soluble fraction (probably trehalose) and in the intracellular hot alkali-soluble glucan (probably glycogen). Cells grown at a fixed rate under glucose limitation showed a small increase in carbohydrate content as the temperature was decreased from 30 to 15 C.
When a microorganism is grown in batch culture at temperatures below the optimum for growth, the composition of the cells differs to some extent from that of cells grown at or around the optimal temperature. Most of the available data on these differences were reviewed by Farrell and Rose (9, 10) . The effects of a decrease in growth temperature probably vary with each microorganism. However, all organisms thus far examined, when grown at a temperature below the optimum for growth, contain an increased proportion of unsaturated compared with saturated fatty acids. A decrease in growth temperature also causes an increased synthesis of polysaccharides by certain leuconostocs and pediococci (26) and by Aerobacter aerogenes (36) ; in addition, pigment production by microorganisms is often favored at temperatures below the optimum for growth (e.g., 38, 40) .
In most of these studies, it was not established whether the changes in composition are a direct result of a decrease in growth temperature or whether they are partly or wholly consequences of the decrease in growth rate that results from a lowering of the growth temperature. With a chemostat, it is possible to grow a microorganism at a fixed rate at different temperatures, and thus to separate the metabolic effects caused by changes in temperature from those resulting from a decrease in growth rate. A few studies on the effect of suboptimal temperatures on the composition of chemostat-grown microorganisms have been reported. Lowering the growth temperature from 40 to 25 C was shown by Tempest and Hunter (36) Harder and Veldkamp (13) for the RNA and protein contents of an obligately psychrophilic pseudomonad.
The present paper reports in more detail the effects of temperature on the nucleic acid, protein, and carbohydrate contents of a strain of Candida utilis grown at a fixed rate under various conditions of substrate limitation and on variations in cell volume which can accompany these changes in composition. The effects of temperature on the fatty acid composition of this organism grown under similar conditions will be described in a later paper.
MATERIALS AND METHODS
Organism. The strain of C. utilis NCYC 321 used in this study was maintained as described previously (29) .
Media. The basal medium (pH 4.5) had the following composition, per liter: KH2PO4, 1.0 g; MgSO4. 7H20, 1.0 g; D-biotin, 0.195 pg. This medium was supplemented with a carbon source (glucose or glycerol) and (NH4)2SO4 at the concentrations stated. In some experiments, the concentration of KH2PO4 in the medium was altered; these alterations are indicated in the Results section.
Batch cultures. One-liter portions of medium, containing 10 g of glucose and 0.24 g of (NH4)2SO4, were dispensed in 2-liter round, flat-bottomed flasks which were then plugged with cotton and sterilized at 15 lb/in2 for 10 min. Cells from a freshly grown slope culture were suspended in 67 mm KH2PO4 to about 0.5 mg (dry weight)/ml and were washed twice in this buffer. A portion of the suspension containing about 1.0 mg (dry weight) was used to inoculate the medium, and the stirred cultures were incubated at 30, 20, or 15 C as described by Stanley and Rose (34) (5) . Portions of culture containing 5 to 10 mg (dry weight) were centrifuged at 2,000 X g for 2 min at room temperature. The supernatant liquid was discarded; the cells were suspended bined filtrates were made up to 10 ml with water and were stored at -20 C until assayed. Total ninhydrinpositive compounds in these extracts were assayed by the method of Harris and Parsons (14) . Portions of extract (1 ml, containing 1 to 5 jug amino-N) were mixed with 1 ml of ninhydrin reagent and were heated for 15 min in a boiling-water bath. After cooling to room temperature, the solutions were made up to 10 ml with water and the absorbancy was measured at 570 nm in a Unicam SP 500 spectrophotometer. LLeucine was used as a standard in the assay over the range of 0.5 to 5.0 pg of amino-N.
Acid-soluble ultraviolet (UV)-absorbing compounds were extracted by suspending cells (5 to 15 mg, dry weight) in 2 ml of ice-cold 10% (w/v) trichloroacetic acid. The suspension was immediately centrifuged and the cell residues were washed with 2-ml portions of ice-cold 10% trichloroacetic acid. The combined extracts were made up to 7 ml with 10% trichloroacetic acid and then to 10 ml with water. The absorbancy of this extract was measured at 260 nm with a blank of 7% (w/v) trichloroacetic acid. The residues after extracting with trichloroacetic acid were suspended in 2 ml of t N HC104 and were heated at 90 C for 30 min. After centrifuging, the residues were washed with two 1-ml portions of 1 N HCl04, and the washings were combined with the extract and made up to 5 ml with 1 N HCl04; this extract was left overnight at -20 C. Freezing precipitated protein that had been extracted by the HClO4. The absorbancy of the supernatant liquid at 260 nm was used to calculate the RNA content of the yeast by use of a curve relating absorbancy and concentration of yeast RNA hydrolyzed with 1 N HCl04. In some experiments, including those on RNA distribution in cell fractions, RNA was also determined with the orcinol method (32) , with virtually the same results as with the direct absorption method. Samples of extract (10 to 150 ;&g of RNA) were made up to 1.5 ml with water and were mixed with 1.5 ml of orcinol reagent (made by dissolving 1.0 g of orcinol in 100 ml of concentrated HCl containing 0.5 g of FeCI,). The tubes were heated for 20 min in a boiling-water bath and cooled; then the absorbancy at 660 nm was related to RNA content by a standard curve prepared with yeast RNA hydrolyzed with 1 N HCl04.
DNA contents of cells were determined by the method of Burton (4), using 1 N HClO4 extracts from 100 to 200 mg (dry weight) of cells. Samples of extract, containing 100 to 200 &g of DNA, were made up to 2 ml with 1 N HCl04 and were mixed with 4 ml of the diphenylamine reagent; this reagent was made by dissolving 1.5 g of diphenylamine in 100 ml of glacial acetic acid plus 1.5 ml of concentrated H2SO4, and supplementing with 0.5 ml of aqueous acetaldehyde solution (16 mg/ml) immediately before use. The tubes were then kept at 30 C for 18 hr, after which the absorbancy at 600 nm was measured and related to DNA content using a standard curve prepared with herring-sperm DNA hydrolyzed with 1 N HClO4.
Total nitrogen contents of cells were determined by the micro-Kjeldahl method (22) with hydrogen peroxide as a catalyst (24) . Total protein contents of cells were determined colorimetrically after extraction with hot alkali (20) . Portions of culture, containing 5 to 15 mg (dry weight), were harvested by centrifugation for 2 min at 2,000 X g in 15-ml tapered tubes. The cells were then suspended in 2 ml of 1 N NaOH, and the tubes were placed in a boiling-water bath for 15 min. The alkali extracts were separated by centrifugation, and the cell residues were washed twice with 2-ml portions of 1 N NaOH. The combined extracts were made up to 10 ml with water, and portions (1 to 3 ml) containing 100 to 300 sg of protein were used for the estimation. To 3 ml of extract, we added 2 ml of 2 N NaOH and 1 ml of Folin-Ciocalteu reagent (diluted 1:1 with water). The tubes were left at room temperature for 30 min, and the absorbancy at 720 nm was measured and related to the protein content of the extract by a standard curve prepared with bovine serum albumin. Calculations of the apparent protein contents of cells from determinations of the total nitrogen content, after subtracting the contributions made by RNA and DNA, agreed closely with protein determinations by alkali extraction.
Adenosine triphosphate (ATP) contents of cells were determined with the firefly lantern method (1). Portions of culture, containing 5 to 15 mg (dry weight) of cells, were harvested by centrifugation at 2,000 X g for 2 min in 15-ml tapered tubes. The cells were immediately suspended in 7 ml of 0.3 N HClO4, and the suspension was added to cooled Mickle vessels containing 5 g of Ballotini beads (1 mm in diameter; Jencons Ltd., Hemel-Hempstead, England). The vessels were then shaken at maximum amplitude in a Mickle disintegrator (23) for 10 min at room temperature. Beads and cell debris were removed from the suspensions by centrifugation for 5 min at 2,000 X g; 3-ml portions of the supernatant liquid were neutralized with a predetermined volume of 0.3 N KHCO3, and the mixture was then made up to 10 ml with water. Extracts were either assayed immediately or stored at -20 C. For assay, the extracts were diluted 1,000-fold with 0.1 M sodium arsenate solution (pH 7.4). Firefly lanterns were purchased as a freeze-dried preparation and were reconstituted according to the manufacturer's instructions. Debris was removed from the lantern extract by filtering through Whatman no. 1 paper at 0 C; the filtrate was diluted 1.25-fold with 0.05 M sodium arsenate solution containing 0.02 M MgSO4 (pH 7.4). The reaction mixture for the ATP assay contained water (1.8 ml), lantern extract (0.1 ml), and cell extract or ATP solution (0.1 ml) in a 20-ml capacity low-potassium glas vial (Beckman Instruments Co. Ltd. MgCl2] and suspended in 7 ml of buffer. The suspension was transferred to chilled vessels containing S g of Ballotini beads (1 mm in diameter) and was shaken at maximum amplitude in a Mickle disintegrator (23) for 30 min. The disintegrator was operated inside a refrigerator for alternate periods of 5 min. The suspension was then centrifuged at 1,500 X g for 10 min. Most of the cell walls and debris sedimented among the beads so that the supernatant fluid could be removed with a pipette. The supernatant fluid was further centrifuged for 10 min at 1,500 X g to remove remaining cell walls and debris, and was then analyzed for total RNA and total protein (20) as already described. Portions (3 ml) of the supernatant fluid were centrifuged for 1 hr at 10,000 X g in a Superspeed "40" centrifuge (Measuring & Scientific Equipment, .Ltd., London, England). The precipitate was suspended in 5 ml of buffer. The supernatant fluid was then centrifuged for 1 hr at 40,000 X g and the precipitate was suspended in 5 ml of buffer. The supernatant liquid was made up to 5 ml with buffer. Fractions were assayed for RNA and protein as already described.
Carbohydrate analyses of whole-cell and cell-wall fractions. Carbohydrates in whole cells and cell walls were fractionated by the method of Trevelyan and Harrison (37) . Portions of washed cells (5 to 15 mg, dry weight) or cell walls (about 5 mg, dry weight) were suspended in 2 ml of 10% (w/v) trichloroacetic acid and left at room temperature for 30 min. Water (3 ml) was then added, the suspension was centrifuged, and the supernatant fluid was collected. The cell residues were suspended in 1 ml of 30% (w/v) KOH solution and the tubes were placed in a boiling-water bath for 30 min. After cooling, the suspensions were centrifuged at 5,000 X g for 10 min, the supernatant fluid was collected, and the residues were washed twice with 1-ml portions of water. The combined supernatant fluids were made up to 10 ml with water. The insoluble material was suspended in 10 ml of water. Individual fractions and also whole cells were assayed for carbohydrate by the H2SO4-anthrone method of Ghosh et al. (12) and by a modification of the H2SO4-carbazole differential absorption method described by McMurrough and Rose (21) . Absorbancies of solutions obtained with the anthrone method were measured at 625 nm, and the readings were related to carbohydrate content by a standard curve prepared with glucose. In the carbazole method, the absorbancies of the solutions were measured at 435 and 535 nm. The ratios of glucose to mannose in the fractions were calculated from the ratios of the absorbancies, and the total carbohydrate was calculated from the absorbancy at 535 nm. Standard solutions of glucose or mannose and mixtures of glucose and mannose were assayed in each determination. There 6 Medium contained 2 g of glucose and 0.94 g of (NH4)2SO4 per liter.
-Medium contained 10 g of glucose and 0.24 g of (NH4)2S04 per liter.
of DNA, the contents of all of the components assayed varied to some extent when cells were grown at a fixed rate but at different temperatures ( Table 2 ). The magnitude of the changes in composition varied with each component and with the conditions under which the cells were grown. Over the range of 30 to 15 C, the greatest differences were in the RNA and protein contents of cells grown under NH4+ limitation, which increased as the temperature was decreased. 6 Medium contained 2 g of glucose and 0.94 g of (NH4)2SO4 per liter.
-Medium contained 10 g of glucose and 0.24 g of (NH4)2SO4 per liter. Table 7 ). Nature of the extra RNA synthesized at low temperatures. Tempest and Hunter (36) concluded that the additional RNA synthesized by A. aerogenes at 25 C, as compared with 35 C, was almost entirely ribosomal RNA. Cells of C. utilis grown at different temperatures were disrupted and submitted to differential centrifugation according to the procedure of Eaton (8), who showed that the supernatant fluid obtained after centrifuging the disrupted yeast at 10,000 X g and then at 40,000 X g contained the bulk of the 80S ribosomes. With cells grown at a rate of 0.2 hCI under NH4+ limitation, almost all of the for hot alkali-soluble and hot alkali-insoluble glucan. These data (Table 8) show that the content of hot alkali-soluble glucan in walls of cells grown at 30 C was in fact substantially less than that in walls from cells grown at 15 C. The data suggest that the increase in the total carbohydrate content of cells grown at 30 C, as compared with cells grown at 15 C, is mainly attributable to an increase in the amount of intracellular hot alkalisoluble glucan, probably glycogen.
DISCUSSION
Our data on the low temperature-induced synthesis of additional RNA and protein in cells grown at a fixed rate confirm and extend those of Tempest and Hunter (36) and Harder and Veldkamp (13) . These workers reported on this effect in bacteria grown in chemostats limited by glycerol, magnesium (36) , or lactate (13) . We established that the effect also occurs in C. utilis grown with limiting glucose, NH4+, or phosphate. It is clear that the magnitude of increase in the RNA and protein contents of cells varies with the nature of the limiting substrate. The greatest increase in RNA content over a 10 C range in C. utilis (approximately 240%) was in cells grown at a rate of 0.2 hr-1 under NH4+ limitation over the range of 30 to 20 C. This increase is considerably greater than the maximal increase reported by Tempest and Hunter (36) , and also larger than the greatest increase in RNA content in the psychrophilic pseudomonad reported by Harder and Veldkamp (13) The nature of the additional RNA synthesized by C. utilis at suboptimal temperatures was examined only in cells grown under NH4+ limitation with glucose as the carbon source; it was shown to be a mixture of RNA that sedimented at 100,000 x g (presumably ribosomal RNA) and of RNA that remained in the 100,000 x g supernatant fluid. The latter fraction probably contains transfer RNA. These findings differ from those reported by Tempest and Hunter (36) , who claimed that all of the additional RNA synthesized by A. aerogenes at 25 C, compared with that synthesized at 35 C, was ribosomal. These workers explained the increased synthesis of ribosomal RNA by postulating that an increased complement of ribosomes is required in order that cells, growing at a fixed rate, may maintain that rate when the growth temperature is decreased. An increased synthesis of transfer RNA in C. utilis under these circumstances might be necessary if the rate of regeneration of these molecules is greatly decreased as the incubation temperature is lowered. It would anpear from the differences in the RNA and protein contents of cells grown at a fixed rate and temperature but under different substrate limitations that the efficiency of protein synthesis varies with the nature of the substrate limitation. However, with the available data, it would be unwise even to speculate on the transcriptional and translational steps that are affected.
The capacity of C. utilis to synthesize additional RNA as the growth temperature is decreased appears to be limited. Plots of the RNA contents of cells against growth temperature (Fig. 2) show that, at growth rates in the range of 0.35 to 0.05 hr-1, the RNA contents of the cells approached, but never exceeded, a value of about 130 ,ug of RNA per mg (dry weight). It is conceivable that this content approximates the maximal RNA content possible for C. utilis grown under the conditions used in the present study. This RNA content is low compared with those recorded with bacteria. Salmonella typhimurium, for example, can synthesize as much as 290 MAg of RNA per mg, dry weight (17) . Our data do not indicate a physiological basis for this apparent ceiling in the RNA content of C. utilis. Since the apparent maximal RNA content of cells was independent of the temperature at which the cells were grown, it is likely that a metabolic effect is not the main factor. An alternative explanation is that cells cannot synthesize more than this critical amount of RNA, and an equivalent amount of protein, because they are physically unable to accommodate greater amounts of these macromolecules and associated water of hydration. Although an inability to accommodate more RNA (and protein) may fix the minimal temperature at which cells can be maintained in steady state in the chemostat, it seems that this does not hold for batch-grown cells which showed little increase in RNA content when the growth temperature was decreased from 30 to 15 C.
The increases in volume which accompany increases in the RNA and protein contents of C. utilis grown under NH4+ limitation might be considered as compensation mechanisms by which the cell accommodates additional RNA, protein, and associated water of hydration. There are numerous reports associating an increase in growth rate (and therefore RNA content; 6, 18, 27, 30, 35, 39) of microorganisms with an increase in cell volumne (7, 15, 17, 31) ; however, with the exception of those by Herbert (15) and Dean and Rogers (7), these experiments were done under the relatively ill-defined conditions of batch culture. These reports also show that an increase in RNA and protein contents of cells is not necessarily accompanied by an increase in cell volume. Dean and Rogers (7) reported that A. aerogenes grown at rates between 0.1 and 0.75 hr-' at constant temperature and limited by carbon source, by NH4+, or by phosphate showed no change in cell size, although cell-size increases were observed with bacteria grown under each of these substrate limitations at rates above 0.75 hr-1. In the present study, a correlation between cell volume and RNA and protein contents was observed in cells grown under NH4+ but not glucose limitation. Presumably, an increase in cell volume following an increased synthesis of these macromolecules is possible only in organisms that can synthesize a cell wall that is able to allow an increase in mean cell volume. Walls of S. cerevisiae grown under NH4+, as distinct from glucose, limitation show considerable differences in cell Previous studies on the effect of growth temperature on other microorganisms have revealed an increased carbohydrate content as the temperature is decreased below the optimum for growth (9, 10 limitation is the first report, as far as we know, of an opposite effect. The effect is particularly interesting in that the increased synthesis of carbohydrate appears to be confined to intracellular glycogen and associated low molecular weight acid-soluble carbohydrate (probably trehalose). Unfortunately, our data do not permit a distinction to be made between effects of incubation temperature on synthesis as distinct from activity of enzymes concerned in glycogen synthesis.
